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SUMMARY 



The purpose of this investigation was to study the 
characteristics of a converging vortex in a real gas, and 
to determine if it was possible to reach superacoustic flow 
in a vortex. 

Air at a high angular velocity was introduced at the 
periphery of a vortex tube. The air then flowed into an 
annular passage and converged into a constmt area tube. 
Tests were run both with and without a convergence cone in 
the converging section of the vortex tube. 

It was found that suneracoustio flow could be obtain- 
ed, and that greater velocities were produced with the con- 
vergence cone nresent. A large loss in angular momentum 
occurred during the convergence, this loss being greater 
with the convergence cone removed. It was also shown that 
the convergence of a vortex in an annular area tends to 
bring the flow very rapidly into a condition of equilibrium. 
In this condition , no viscous forces are acting and there 
is no heat transfer between adjacent layers of air. 
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c Total temperature 
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INTRODUCTION 



Claseioal aerodynamicists refer to a vortex as a 
mathematical concept obtainable only in an ideal fluid. 

This concent requires that the velocity become Infinite 
and the pressure zero at the vortex center, an iranossibility 
in any real fluid. Therefore the use of the term "vortex" 
has been extended from the strictly classical definition 
to include any form of continuously rotative fluid motion. 

A French scientist, G. J. Ranque, published a paper 
in 1933 describing the low temperatures he had obtained in 
the center of air set into a vortex motion. During World 
War II, Rudolph Hilsch, a German, extended Ranque* s exper- 
iments and separated the hot sir from the cold air in a 
vortex tube. This so-called Hilsch tube became popularized 
as a "molecule separator" since it was believed that it 
blew the hot air molecules out of one end of the tube and 
the cold molecules out of the other end. 

In 1946 Hilsch* s work became known in this country, 
and shortly thereafter the General Electric Research Labora- 
tory made an analysis of the device for use in refrigera- 
( 2 ) 

tion. They concluded that the efficiency for refrigera- 

tion was very low and the operating cost high. 

Prof essor Neil P. Bailey, head of the Department of 
Mechanical Engineering, Rensselaer Polytechnic Institute, 



Troy, N. Y. and members of his staff, proposed a theory that 
a vortex in an actual gas approaches a condition of equili- 
brium such tliet the fluid mass rotates as a solid body. Since 
there is no relative motion between adjacent fluid layers in 
this condition, there would be no heat transfer and no" vis- 
cous forces acting. In order to check this theory experi- 
mentally, W. C. Vickrey induced a vortex in a two- inch 
tube. Hi b results indicated that an equilibrium plane did 
exist in the vortex tube and conformed fairly well to the 
theory, although he worked only at low weight flows. Sev- 
eral months later, L M. Zubko ^ ^ reoeated Vickrey’s ex- 
periment at higher weight flows and using a four-inch vor- 
tex tube. Zubko also found an equilibrium plane, and in 
addition he indicated the presence of a thin longitudinal 
shell which rotated at a constant angular velocity equal 
to" the angular velocity of the equilibrium plane. 

The object of this investigation is to carry on & 
bit further into the study of vortex characteristics in an 
actual gas. Doth Vickrey and Zubko used vortex tubes of 
constant cross-sectional area. The theory, however, allows 
for a convergence (or divergence) of the vortex. A con- 
verging vortex is present in the tail cone of a Jet engine 
when the turbine is not operating at design speed. A 
study of this problem might therefore be of some oractioal 
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value. In addition, a point of great interest Is the fact 
the the theory indicates that superacoustic flow is possi- 
ble in a convening vortex. 

It was, then, the ouroose of this report to investi- 
gate the characteristics of e converging vortex in an actual 
gas, and to determine if suoeraooustlc flow is possible. 

The investigation was conducted in the Mechanical Engineer- 
ing Deoartment, Pensselaer Polytechnic Institute, Troy, N.Y., 
during the period Februery-May , 1949. 

The author wishes to exnress his gratitude to Pro- 
fessor Neil P. .Bailey and Mr. Andrew J . Shine for their 
guidance and advice, and to members of the Machine Shop 
staff for their patience and skill. 



EQUIPMENT AND PROCEDURE 



A schematic diagram of the test set-up is shown in 
Figure 1 . The electric motor, driving the compressor, was 
a Westinghouse three-phase, 60 cycle, 220-400 volte, 50 
horsepower motor with a rated full load soeed of 1175 rpm. 

It was connected directly to the air compressor, which was 
a six cylinder Schrara, Model 210, rated at 206 cubic feet 
per minute of standard air at 1175 rpm. From the comnress- 
or the air was led through a water aftercooler and oil seo- 
arator, and thence into the receiver tank. The motor auto- 
matically cut out the compressor when the receiver tank 
pressure reached 100 psl gage, and cut it back in when the 
pressure reached 80 psl gage. To assure a continuous source 
of supply air, n bleed valve was provided downstream of the 
receiver tank . By regulating the bleed valve, the sir com- 
pressor would stay on the line during the entire run. 

The air was led into the olenum chamber through a 
course and a fine flow control valve. A 3/4-lnoh metering 
nozzle was placed in the plenum chamber. The pressure was 
measured forward of the metering nozzle on a mercury manom- 
eter or pressure gage 7he oressure drop aoross 

the nozzle could be measured either on a differential mer- 



cury or water manometer (&P). The total temperature was 
measured downstream of the metering nozzle (T 0 . ). Knowing 
the area of the nozzle, p op^» P# and f It wvs possible 
to oalculcte the weight flow. An additional pressure tap 
was placed downstream of the metering nozzle (P 0 pg) in or- 
der to obtain a total pressure entering the vortex valve, 
free from any diffusion or metering nozzle losses. 

A diagram of the vortex tube used in this investiga- 
tion is shown in Figure 2. The converging section was turned 
from a laminated block of well- seasoned maple, and had a wall 
thickness varying from 3/4- inch at maximum diameter to 1/2- 
inch at the conctrnt diameter section. The Inside taper 
was linear except for slight fillets at both ends to facili- 
tate the sir flow, and the inside surface was well polished* 

A copper tube of 1 1/4- inch nominal inside diameter was 
sweated into the neck of the converging section. It was 
secured in place by a thin plate soldered to the outside 
of the tubing, and screwed into the maple neck. The brass 
tubing urn 13 inches long , with a wall thickness of 1/16- 
inch , and was polished to an inside diameter of 1.269 inches. 

The vortex valve v as originally designed by Professor 
Neil ?. Bailey for other experimental purposes, and was the 
same valve as used by Vickrey and Zubko. Briefly, it con- 
sisted ol‘ twenty-four adjustable angle vanes secured to the 



periphery of a 3/16- inch brarr diso of two and three-quarter 
inch diameter. The air flows radially outward along the 
disc, is turned In the vanes, and enters the vortex tube 
with a high angular velocity. In all the tests made in 
this investigation the vanes were set at an angle of ten 
degrees to the peripheral tangent, in order to reduce the 
radial component of flow as much as possible. Figure 3 is 
a diagram of the vortex valve, and Reference (1) is a de- 
tailed report on its performance. 

The vortex cone was turned from a solid block of 
well- seasoned maple, and was highly polished to reduce 
frictional effects. The cone was secured to the vortex 
valve disc by three screws countersunk into the face of 
the disc. The taper of the cone was such that the an- 
nular ?re? between cone and wall remained, constant and 
equal to the area of the brass tubing. In designing the 
cone, allowance was made for taper of the wall at the 
extremes so that the annular area would remain truly con- 
stant. The length of the cone was 2.40 inches from its 
tip to the back face of the vortex valve disc. This pro- 
vided the con© with a diameter- to-length ratio of 1.147. 
This ratio should be as great as nossible to minimize 
frictional looses as the vortex converges. However, it 
was felt that if the ratio were made much larger, separa- 



7 



tion might occur at the cone surface. In future investiga- 
tions it would. be of interest to determine the effect of 
the vortex cone proportions. A table of coordinates of the 
vortex cone is given in Figure 2. 

A well pressure tap was provided between the plenum 
chamber and the vortex valve. In testing, however, it was 
found that this pressure was essentially the same as that 
measured downstream from the metering nozzle (P G p^), 
difference not being detectable on a mercury manometer up 
to 60 inches gage pressure. This pressure tap was there- 
fore tied off, and the value of P 0T - * used as the true to- 
tal pressure entering the vortex valve. A second wall pres- 
sure tap was placed in the plate to which the vortex tube 
was secured (P,„). It was located at a radius Just equal 
to that of the vortex valve disc periphery, and approximately 
nid-way between the vanes and the wall. The purpose of 
this tap was to provide a means of computing the velocity 
leaving the vanes and entering the vortex tube. 

Three instrumentation hol^s were provided down the 
converging section of the vortex tube at distances of 0.680, 
1.425, and 2.275 inches normally from the inside face of 
the plate to which the vortex tube was secured. These holes 
were 9/16- inch except for the lest l/4-inoh which was drill- 
ed and t cooed to accommodate the 1/4- inch root of the radial 
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probes. Twelve instrumentation holes of the same else were 
provided in the constant area section of the vortex tube. 

The flr^t hole wr s placed so that its center was one- tenth 
inch from the tim of the vortex cone, and the remaining 
holes were placed with their centers exactly one inch a- 
part. It was necessary to solder a bra.ss strip along the 
length of the vortex tube in order to increase its wall 
thickness to the 1/4- inch required by the radial probes. 

In this report the instrumentation holes are referred to 
as stations, end are labeled A, B, end C dovai the converg- 
ing section and thence consecutively from 1 to 12 down tho 
constant area section of the vertex tube. 

T 7hen the vortex tube is in operation, a low pressure 
exists at the center and a high pressure at the periphery. 
Since the vortex is discharging into atmospheric air of 
constant pressure, an unstable condition exists at the dis- 
charge end of the tube. The low pressure at the center 
creates what Vickrey has termed a ’’back- flow” into the tube* 
This back- flow momentarily compensates the low pressure, 
but the vortex quickly rebuilds the low pressure area and 
the back-flov; starts again. This cycle, of course, occurs 
with very high frequency, and the resulting noise is of 
such high pitch that it becomes unbearable at higher weight 
flows. In an attempt to overcome this difficulty and to 
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eliminate the back-flow, both Vickrey and 2ubko used ad- 
justable nose cones at the discharge end of the vortex tube. 
When the nose cone was positioned so that the noise was 
eliminated, it. was assumed that all the br-ck-flow into the 
vortex tube had been out out. This author ran several 
preliminary tests on the adjustable nose cone and found 
that its exact position , even after the noise had been 
eliminated, had a considerable effect on the character of 
the flo?/. If the nose cone was oositioned to Just elimi- 
nate the noiee, a small back- flow still existed down the sides 
of the cone. If the cone was moved in a little too far it? 
created a back pressure on the flow and caused the vortex 
to "fill in" to some extent the low pressure at its center. 
Furthermore, the position of the nose cone was dependent on 
the weight flow, making it extremely difficult to position 
the cone properly to reproduce data. If a nose cone was not 
used the back-flow was so great that the value of the data 
obtained wee highly questionable. 

In an effort to overcome this problem, Professor 
Neil P. Bailey suggested that the vortex be permitted to 
enlarge suddenly into a "can" attached at the discharge 
end of the vortex tube. The flow would then discharge to 
the atmosphere at a constant pressure through holes placed 
about the periphery of the can. The author carried out 



this suggestion and found it to work successfully. How- 
ever, both the diameter of the can and the hole area was 
critical, it being necessary to determine both of these 
factors experimentally for each desired weight flow. Since 
this rould prove extremely burdensome in extensive testing, 
a new method for eliminating the back-flow was sought. 

After experimenting with several devices, the author 
found that a 14 self-adjusting” nose cone seemed to serve the 
purpose very well. This consisted simply of a nose cone 
which was allowed a single degree of axial freedom. The 
cone was machined from cast aluminum and fitted with a 
half-inch steel shaft two inches in length in its back face. 
The steel shaft rode in an aluminum sleeve of quarter-inch 
wall thickness, and when oiled made an easy sliding fit. 

The sleeve was rigidly secured to a stand on the testing 
table and positioned so that the nose cone would be exactly 
centered with the discharge end of the vortex tube. As the 
weight flow in the vortex tube was changed, the cone would 
slide inward or outward accordingly and adjust itself to 
the posit on required by the flow. All the noise was elim- 
inated as well as the back-flow. No back- flow could be 
detected at any weight flow either by observing the position 
of threads attached to the surface of the cone, or by the 
direction in which the radial total pressure probe pointed 



rhen Inserted at stations near the discharge end of the 
vortex tube. 

It was re cognized that the nose cone angle wo uld be 
critical, and th: t ideally the cone should be tapered to 
fit the pressure gradient existing across the vortex at 
the di scliar ge . Thin fact was substantiated in later test- 
ing when the convergence cone res removed from the vortex 
tube (to be discussed further). An Included nose cone angle 
of BO degrees had been used on all previous tests, and had 
been found to rork well at o.ll weight flows. However, when 

\ 

the convergence cone wa c removed the flow was altered to 

such an extent that the BO degree nose cone rro practically 

worthle.e, it being necessary to hold it in position Just 

as were the cones used by Viokrey and Zubko. After testing 

several nose cone sixes, it was found that a nose cone of 

40 degree included angle proved satisfactory for the new 

1 

flow. This tngle evidently conformed the closest to the 
discharge radial pressure distribution. Therefore, in all 
the testing done in this investigation a nose cone of BO 
degree included angle was used, except in those runs in 
which the convergence cone was removed from the vortex tube 
a 40 degree nose cone was used. 

Since It was desired to probe the vortex tube axial iy# 
it was necessary to drill a hole axially through the center 



of the nose cone and shaft to accommodate the probe. This 
gave the additional advantage of providing a rigid 2 1/2- 
inch support for the probe at the vortex tube discharge. The 
hole was drilled with enough clearance to permit the probe 
to elide easily in the nose cone without binding. In this 
manner the axial probe could be slid inward or outward with- 
out disturbing the position of the nose cone relative to the 
vortex tube. It is possible that a small amount of leakage 
occurred between the probe and the cone, but if so it was 
very slight and probably negligible. When the axial probe 
was not in use, it was removed from the cone and the hole 
was closed off by covering the shaft end with tape. 

Two axial probes were used, one for measuring the 
center pressure, and the other for measuring center temp- 
erature. Both probes were made of still hollow steel, .099 
inches in diameter and 21 Inches in length. The inside end 
of the pressure probe was filed off smoothly, while tothe 
outside end a rubber tube fitting was soldered. Pressures 
were read on a mercury manometer. Through the temperature 
probe a Leeds and Northruo iron-constantan thermocouple of 
No. 30 gage wire was fed. The hot Junotion bead was encased 
with a Duco Cement . The cement wrs sanded down to a smooth 
finish having the same diameter as the probe, and with Just 
the tip of the bead exposed. It was thought this would 



serve to reduce the effect of any heat transfer up or down 
the steel probe, although the temoerature gradient along the 
vortex center was relatively small . Iron-constantan thermo- 
couple wires were ohoeen since they give the highest railli- 
volt-per-degree response. A cold Junction of 32 degrees 
Fahrenheit was maintained in an ice bath. A Leeds and North- 
rup potentiometer was used in all temperature work. Since 
no flow existed in the center of the vortex where the axial 
orobes were to be used, it was not necessary to calibrate 
them. The thermocouple was siirnly tested at 32 degrees 
Fahrenheit and 212 degrees Fahrenheit and was found to give 
accurate readings. 

When the axial probes were inserted into the vortex 
more then about three inches, depending on the weight flow, 
it was found that considerable vibration was set up even 
after the probe had been aligned with the vortex oenter as 
accurately as possible. This w- s extremely undesirable not 
only because of accuracy of the readings obtained, but also 
because the vibration would bend the probe and cause the 
nose cone to bind on it. If the movement of the nose cone 
were restricted, of course, it could not perform its function 
of properly regulating the flow. To overcome this difficulty 
it w ,' b necessary to give additional suoport to the end of the 
axial probes. In order to accomplish this a M snider M was 
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secured to the probe two Inches from its end. This con- 
sisted of a small brass collar to which was soldered three- 
euqally spaced legs of stiff steel w ire. This additional 
support held the probe rigidly centered in the vortex tube 
without restricting its axial freedom, since the spider slid 
freely along the walls of the vortex tube when the probe 
was moved. This system proved very satisfactory at all 
weight flows, the vibration being completely eliminated. 

It was felt that the disturbance which the spider support 
would create in the vortex would not be serious since it 
was placed at a point two inches downstream from the end 
of the probe. Actually, due to the vortex motion of the 
flow, the distance that the air travels from the end of the 
probe to the spider support is much greater than two inches. 

The outside end of the axial probes were rigidly se- 
cured to a crank and spindle device which was calibrated in 
inches to give the axial position of the probe in the vortex 
tube. 

Two radial probes irere also used in this investigation, 
one to measure total pressure and the other to measure total 
temperature. These probes were the same ones designed and 
used by Zubko in his work on vortex flow, and a complete 
description of them are available in Reference (4). No 
calibration correction s were used with the data obtained 



with these probes since the total oressure corrections 
were extremely email and the total temperature readings 
had a maximum error of only 2,5 percent at Mach 0.9. 

Since only the temperature differences were of primary 
importance, it was felt that the calibration correction 
could be safely neglected. 

To obtain the well static pressure readings, a brass 
tap was made which could be screwed in at any station. When 
in position the tap was flush with the inside wall of the 
vortex tube, and from a No. 60 drill hole the pressure was 
let to a mercury manometer. When a station was not being 
used to obtain data, it was sealed off with a brass plug 
which made a flush fit with the inside wall of the vortex 
tube . 

Tests v/ere conducted at four different weight flows, 
and will be referred to hereafter as the gage pressure 
existing on the vortex valve (P G pg) . These pressures were 
40, 60, 80, and 100 inches of mercury rag®. The 100*- inch 
run was very close to the limit of air flow from the com- 
pressor. Originally it had been planned to test at only 
the first three flows, but when supersonic flow was not 
found it was decided to run an additional test at maximum 
compressor output. 

The procedure followed in obtaining the data v/as 
to first probe axially for center pressure and temperature. 



16 



The axial probes were then removed and total and static 
wall pressure measured at eaoh station , as well as the total 
temperature where desired. In this manner only one probe 
was present in the vortex tube at any time, and the result- 
ing* flow disturbance was kept at a minimum. 

It should be noted here that the stations were not 
probed l'adially as was done by Vickrey and Zubko. It was 
believed that an equilibrium station could be found from 
the center pressure , wall pressure, and well Mach number 
alone . The location of an equilibrium station was neces- 
sary in order to evaluate the angular momentum with the 
theoretical equations. The equilibrium station is the olane 
at which the air rotates with a -solid body motion, no vis- 
cous forces or heat transfer being present between adjacent 
flow radii. All of the theoretical equations are built up 
on this tyoe of flow. 

Since no equilibrium station could be found in the 
40 inch run, total pressure and temperature measurements 
were not taken down the converging section of the vortex 
tube for this run. 

It wrg believed that the wall Maoh numbers might be 
increased by removing the convergence cone from the vortex 
tube. Consequently, the 60, 80 and 100 inch runs were re- 
peated with the convergence cone out. It was quickly seen, 
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however, that just the reverse was true, so that extensive 
data was not taken for these runs. No axial probing was 
done with the convergence cone removed. 

In all tests it wr a necessary to wait about an hour 
for the compressor to settle down so that the supply air 
in the plenum chamber would reach a steady value, and the 
vortex tube would be uniformly heated. 

Photographs of the equipment are included at the 
end of this reoort. 
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THEORY 



Professor Nell P, Bailey’s theory of a free vortex 
cone in a real gas is based on the assumptions that the 
vortex vn.ll approach a condition such that no viscous forces 
are acting and no heat transfer is present along the vortex 
radius. This requires that the flow rotate as a solid body* 
In order to facilitate further discussion, that nart of the 
theory which applies to this Investigation will be presented 
here. 



The pressure present at any radius must be balanced 



by the centrifugal force due to rotation, 

2 Trr (dp) * v^ (dm) 

r 



But 



(dm) * 2 Ttr ^ (dr) 

So equation (1) becomes, 

(dp) =* v£ C (dr) 
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For solid body rotation, 
v ** to r 

So equation (5) becomes, 

( dp ) « co r ^ ( dr ) 
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So equation (5) x’educea to, 

(do ) <* co r (dr) „(?) 

P gRl 

Since oO and T ,are constant for solid body rotation, equation 
(7) may now be Integrated between center and wall conditions. 
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Equation (9) may be written as 

log e P H « * v . .(ID 




= 6 

Now from equations (2) and (6), 
volved in a unit length of vortex is 
( dm) « 2 tt r P (dr) 

g n f 



the total mass in- 
(13) 



Equation (9) is valid for conditions at any radius so that 
it may be used to eliminate the pressure term from equation 
(13), 
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Now the angular momentum, or .loraentof momentum, of 
a unit length of vortex annulus is, 

(dA) * vr (dm) . ( 17 ) 



Combining equations (2) and (6) to eliminate mass from 
(17), and substituting equation (4) for velocity, 



(d?0 * so r 2Trr(°(dr) * 2 TToj r P (dr) (18) 

1 g H T 

Again extending equation (9) to eliminate the pressure 

term from (18), r 2 

(dA) * giro) r g F o 6 (dr) (19) 



Equation (19) may now be integrated, since c0, P c , and T 
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are constants. 
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Usina equation (10) this may be simplified to, 
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Now the average angular momentum per pound of gas In the 
vortex cannot exceed the original angular momentum possessed 
by each pound of gas that formed it. Letting v 0 be the en- 
tering tangential velocity and r Q the radius at which it 
enters, 

Vo r 0 * A- 

m 

Using the angular momentum found in equation (23) and the 
mass from equation (16) 




whioh may be simplified to, 
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(26) 



Equations (23) and (26) are valid only for the as- 
sumptions made, i.e., the flow is conforming to solid body 
rotation. Unfortunately, in the small annular converging 
section of the vortex tube it was not possible to determine 
this fact experimentally. It would have been necessary to 
take pressure and temperature d?;ta on the surface of the 
convergence cone, v.’hich would be extremely difficult. Also, 
the equations apply only to a solid vortex. They could, 
however , be altered for use in the annular area by inte- 
grating from the cone radius to the wall radius. But 
without data taken at the cone surface they could not be 
used. 

An 0 efficiency of convergence 0 may be implied from 
equation (26) if defined in the following manner. 



If v 0 and are taken as the conditions existing as the 
flow leaves the vanes, equation (2?) may be converted into 
terms of Mrch number by expressing the velocity as. 
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If the total temperature is aesunied to rema.in constant, 
equation (2?) becomes, 
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The assumotion of constant total temnerature was found to 
be well within the limits of experimental accuracy. 

In order to make an experimental determination of the 
average angular momentum it would be necessary to probe the 
annular area radially at each station to obtain the average 
Mach number. This would require a redesign of the radial 
probes in order to obtain readings in the small annular 
area. Since this fact was not recognized until late in the 
investigation , time did not permit doing this. 

In an effort to make some experimental determination 
of the angular momentum in the annular area from the wall 
data alone, the following analysis was made. 

For an incremental annular area, (dA), the angular 
momentum is given by 

IdX) - v r £ (dA) (50) 



Using equation (6) and transposing, 



d X * v r P (31) 

a A g R f 

The velocity may be expressed In terms of Mach number and 
total temperature from equation (28), 

Eliminating v from equations (28) and (31), 

d A « M / ^ r P _ (32) 

a A r : '*-7 ™ g R T 

/ 1 + M • 

But, 

r o « 1 4.^1 M 2 __ (33) 

T 2 

So equation (32) becomes, 

a A * I x r P M /l + v-1 ? (34) 

</g n t 0 * 

When the wall data is used in equation (34) it will give the 
rate of change of angular momentum with respect to annu- 
lar area at the wall. It is recognized that at any one 
station this value would probably be different at each 
radius of the annular area. Between stations, however, it 
should give some indication of how the angular momentum is 
changing. For convenience in commuting equation (34), a 
curve was plotted of I ! J 1 ♦ Y-l against M and is 
included as Figure 4. 



HHSULTS AND DISCUSSION 



The results of the axial traverses for temperature 
and pressure are given in Tables I end II for the different 
weight flows. Curve 1 indicates that a vacuum existed in 
the vortex center at ail weight flo?/s and at all stations. 

A minimum pressure w as found to occur at station ? for each 
weight flow, although no significance could be attached to 
this fact. Vickrey, who did a limited amount of axial prob- 
ing in his work, obtained curves very similar to these using 
a six-inch vortex tube of two-inch diameter. The indication 
is, therefore, that this point of minimum pressure is a 
function of the vortex tube geometry, and occurs at about 
the mid-length of the tube. 

In Curve 2 it is seen that the vortex center tempera- 
ture also has a tendency to reach a minimum point although 
at a station much closer to the convergence cone. This trend 
is Just discernable in the 60- inch run , and becomes markedly 
apparent in the 80- inch run. It is interesting to note that 
at station 3 in the SO- inch run , a temperature of nearly 
five degrees Fahrenheit was recorded. This explains the 
interest that hss been shown in the vortex tube as a re- 
frigerating device, as mentioned in the Introduction of 



this report. In this connection, it may be noted that con- 
siderable difficulty was encountered in taking the axial 
data due tc the icing of the probes. If the probe wa s In- 
serted rell into the vortex tube when the compressor was 
started, ,so nuch ice would be formed on it as to seriously 
impair the flow or cause vibration of the probe. It vac, 
therefore , necessary to position the orobe at station 12 
curing the hour warm-up period of the compressor. After 
this length of time the supply air would reach a temperature 
high enough tc prevent serious icing of the probes. 

The static and total pressure data obtained at the 
vortex tube wall is presented in Tables I, II, III, and IV, 
and plotted in Curves 3 and 4. Since Mach number is a point 
function of total and static pressure, the Mach number was 
computed, at each station from the above ds.ta and plotted In 
Curve 5. It may be seen from Curve 3 that the static pres- 
; ure drops rapidly as the flow accelerates down the converg- 
ence cone. It reaches a minimum somewhere between stations 
1 and 2, peaks at about station 3, and then falls off grad- 
ually through the rest of the vortex tube. The fact that 
the curve obtained for the 100- inch run does not follow the 
trend of the re<- 1 of the family , Is probably due to shock 
phehomena and will be discussed further. 

From Curve 4 it may be seen that the total pressure 
drops nejrly linearly down the converging section, has a 



tendency to level off as the flow leaves the tip of the con- 
vergence cone, and then drops off less steeply through the 
rest of the vortex tube. The tendency for thd" total pres- 
sure to level off as the flow leaves the convergence cone 
may be due to the fact that the flow is suddenly being re- 
leased from the frictional effects of two wall surfaces to 
the frictional effect of only one wall surfa.ce. Thus, the 
rate of total pressure loss is momentarily reduced. The 
fact that this tendency is not co prominent in the 100- inch 
run is probably due to the supersonic flow present in this 
section. 

From Curve 5 it may be seen that the Mach number rises 
very rapidly as the flow proceeds down the convergence cone. 

A peak is reached somewhere between stations 1 and 2 and 
the Mach number then drops off very rapidly. A Mach number 
of 1.009 was recorded at station 1. The curves indicate, 
however, that Mach numbers slightly higher than this are 
present between stations 1 and 2, 

It may be well to note here that in computing the 
wall Mach number the static pressure was measured Just at 
the wall, while the total pressure was measured at the 
point which gave the maximum reading. The distance from 
the well that this maximum rending was obtained averaged 
about .02 inches , depending on the weight flow and station* 
This distance was probably very close to the boundary lay- 
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er thickness existing at the wall. It would be difficult 
to predict how the static pressure . would very In the boundary 
layer of a highly curvilinear flow. However, a Ser’s disc 
probe was used to determine experimentally how the static 
pressure varied in this distance. It was found that in all 
cases the highest static pressure was present at the 

wall surface. Therefore, the values of Mach number found 
in this investigation are conservative inasmuch as they are 
all lower then the Mach number actually existing in the vor- 
tex tube. The di 3 crepenoy, however, is not believed to ex- 
ceed more then about 5 percent. 

What actually happens as the flow becomes supersonic 
in a curvilinear flow is not readily apparent. It seems 
logical, however, that, as the flow is accelerating very 
rapidly down the convergence cone, it "winds** itself up 
with enough inertia to carry it into the supersonic region. 

It then seems probable that an infinite number of infini- 
tesimal shocks occur from the vortex tube wall surface, 
which rapidly decelerates the flow but produces no abrupt 
ohanges such as found in normal shock phenomena. This 
could account for the fact that the 100-inch total pres- 
sure curve does not level off at the tip of the convergence 
cone as the other curves do, the losses occurring in the 
small shocks being enough to prevent it. The same applies to 
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the irregular shape of the 100-inoh static pressure curve. 

The fact that supersonic flow was produced in a 
vortex is interesting and, perhaps, of some practical value. 
For example, in the analysis of a thrust device designed to 
utilize vortex flow (as in the tail cone of a jet engine), 
Curve 3 would indicate thafe-higher wall pressures could be 
obtained by not permitting the flow to become supersonic. 
This conclusion would apply, of course, only within the 
limited range of this investigation. 

In an effort to determine if an equilibrium station 
existed in the vortex tube, equation (12) of the Theory 
was checked againet the experimental data. Equation (12) 
was first plotted as shown in Curve 6. The experimental 
values of P w /P c and M w we-e then plotted for each run. It 
may be seen from the plot that nowhere in the 40-inch run 
does the vortex come to an equilibrium station. In the 60- 
inch run, station 1 is close to equilibrium, while the 
following stations become farther removed from the theo- 
retical curve. The same applies to the 80-inoh run. ince 
no axial orobing was done In the 100-inoh run, it was not 
possible to determine if equilibrium existed, since the 
value of P c was lacking. From the trend of the curves, 
however, it is very probable that an equilibrium plane 
existed close to station 1 for this run. 



Both Vickrey end Zubko found equilibrium stations 
beyond the mid-length of the vortex tube. In their work 
the flow was introduced at the periphery. By vIscoub 
action the velocity of the inner radii was gradually in- 
creased, this prooess requiring a considerable length of 
the vortex tube before equilibrium was obtained. In this 
investigation however, equilibrium was obtained, or per- 
haps it was already present, as the flow left the tip of 
the convergence cone. This would seem to indicate that 
the double frictional effect present in the converging 
annular are© produces a rapid acceleration to an equili- 
brium condition. It is felt that this fact is worthy of 
note for use in the design of a vortex tube for any fu- 
ture investigations. 

The values of dA were co.iouted from equation (34) 

dA 

as shown in the Tables and plotted in Curve 7. In com- 
puting these values it should be noted that the plenum 
chember temperature was used as the total temperature. 

It w a. s f el ii' t ills was justified since the total tem- 
perature probe indicated a diecrepenoy of not more than 
six degrees from the plenum temperature. 

As indicated in Curve 7, the value of dA drops 

dA 

rapidly as the flow travels down the convergence cone, and 
then levels off in the constant diameter section of the 



vortex tube. The value of dA, as mentioned previously, 

dA 

does not necessarily give a measure of the angular momentum 
at the station. It is simply the value of the ohange In 
angular momentum with respect to annular area at the wall 
surface of a specific station. It was hoped, however, 
that it would provide an indication of the trend In an- 
gular momentum ohange between stations. It seems logical 
that In the converging area, where the flow is subjected 
to the frictional effects of two surfaces, the loss in 
angular momentum would be greater than in the constant 
area section of the vortex tube. This trend is borne 
out by the curves of Curve 7, although this still doee 

not Justify the assumption that dA will vary between sta- 

dA 

tione in exactly the same way as the angular momentum. 

The convergence efficiency was computed from equa- 
tion (29) and is plotted in Curve 8. Since the equation 
demands that the flow be in equilibrium, the efficiency 
was found only for the station that was closest to equi- 
librium in each run. Station 1 we 8 used In each case, 
although in the 40-inch run equilibrium did not appear to 
exist. From Curve 8 it may be seen that the convergence 
efficiency rises with increased wall velocities (i.e., 
increased supply pressure). This seems rather unusual, 
but no explanation can be offerred. 
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As another check on the legitimacy of using dx as 

dA 

an indicator to angular momentum, a dx ‘'efficiency 1 ' was 

dA 

computed by dividing the value found at the equilibrium 
station by the entering value found at the vanes. The re- 
sult is plotted in Curve 8, and is eurpri singly close to 
the actual convergence efficiency. 

The results of the tests run with the convergence 
cone removed from the vortex tube are presented in Tables 
V, VI, and VII and plotted in Curves 9 to 13. A 40- inch 
run was not made since it was doubtful if an equilibrium 
station would be found at this weight flow. 

A comparison of Curve 9 with Curve 3 shows that the 
static pressure behaves in the same manner when the con- 
vergence cone is removed, although the 100-inch curve does 
not show an Irregular shape. This is probably due to the 
fact that supersonic wall velocities were not attained, as 
will be seen. 

The total pressure curves, Curve 10, \ are similar 
to those obtained previously, Curve 4. The loss in total 
pressure down the converging section appears to be greater, 
however, with the convergence cone removed. Logically it 
would seem that the reverse should be true, since the flow 
feels a double frictional effect with the convergence cone 
present. With the cone removed, however, the flow ''fills 



in" behind the face of the vortex valve. Then, by viscous 
action, it performs the work of gradually accelerating this 
inner air. This produces an apparent loss of total pressure 
at the wall , which is evidently more than enough to offset 
the loss in total pressure due to friction when the con- 
vergence cone is present* 

A comparison of Curves 11 and 5 shows the effect of 
the convergence cone on wall Mach number. It may be seen 
thst with the oone removed considerably lower Mach numbers 
are obtained at the wall. This is probably caused by two 
effects. First, the ’'filling in H process described above 
would tend to lower the Mach number . Secondly, in subsonic 
flow the effect of friction is to increase Mach number, so 
that with the convergence cone present increased Mach number 
would be expected from the larger amount of friction which 
is present. The shape of the curves of Curve 11 would seerj 
to Indicate that the "filling in” process first lowers the 
Mach number. Then, as the inner air is brought into rota- 
tion , the Mach number begins to increase. The fact that 
the 100- inch curve shows a continuous drop in Mach number 
in the converging section is not readily explainable. It 
may be that the higher velocities present require a longer 
length for the "filling in" process to be completed. This 
would be e&Decially true if the axial component of flow is 
increased greatly with increased entering velocity. 



Curves 12 end 13 are riots of dA and convergence 

dA 

efficiency resoeotlvely . The curves of dA are very similar 

dA 

to those found with the convergence cone present, Curve ° 9 
although the values are somewhat lower. In computing the 
values of convergence efficiency, it was assumed that sta- 
tion 1 was in equilibrium as in the previous runs. Thin 
fact cannot be proven , however , since no center probing was 
done with convergence cone removed. However, due to the 
similarity of the data it is believed that this is a fair 
approx ii.iat Ion. From Curve 13 it may be seen that conver- 
gence efficiencies are lower with the convergence cone re- 
moved, and that the values of (&>0 /( d >) are fairly close 

dA^ 'd A v 

to the convergence efficiencies. The fact that lower ef- 
ficiencies occur with the cone removed is probably due to 
the loss in angular momentum as the flow accelerates the 

inner air in the converging section. 

/ 

The Mach number at the vanes was computed from the 
known values of area, weight flow, and total temperature, 
end the static pressure measured at the vanes. In comput- 
ing the area it was assumed that the flow left the vpnes 
in the same direction as the vane angle, l.e., at ten de- 
grees to the peripheral tangent. 
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CONCLUSIONS 



The results of this investigation indicate that 
it ie possible to obtain supersonic velocities in a vor- 
tex whioh is made to converge down an annular passage. 

If the vortex flow is Induced at the periphery, greater 
velocities will be produced if the flow converges down 
a solid cone than if it converges with no cone present. 

It was shorn that convergence of a vortex down an 
annular passage tends to bring the flow to a condition 
of equilibrium much more rapidly than if it were intro- 
duced at the periphery of a constant area tube. 

The loss in angular momentum of the flow is very 
great as the vortex converges down an annular passage. 
However, an even greater loss in angular momentum is in- 
dicated if a convergence cone is not present. 



recommendations 



In future Investigations into vortex flow it is 
recommended that the “self-adjusting 0 nose cone be given 
further study. It is firmly believed that this device 
answers a great need in experimental vortex investigations. 
The discharge end of the vortex tube could, be carefully 
traversed for static pressure over the range of weight 
flows to be used. The nose cone could then be made with 
the exact taper required by the pressure gradient. One 
nose cone could probably cover a wide range of weight 
flows satisfactorily, although It might be necessary to 
construct several different cones to cover the entire 
range, especially if the character of the flow was great- 
ly changed as was done in this investigation by the re- 
moval of the convergence cone. 

The author believes that a more extensive investi- 
gation should be made of the angular momentum in the con- 
verging section of the vortex tube. To do this properly 
the annular area would have to be probed radially , and 
would require the design and construction of very small 
probes. 

In future investigations of a converging vortex it 



is felt that the validity of the theory could be checked 
more closely if the vortex were brought into equilibrium 
J ust before It converges. A convergence section similar 
to the one used in this investigation could be employed 
to bring the vortex into equilibrium in as short a length 
as possible. The flow would then enter an additional con- 
vergence (or divergence) section where its characteristics 



could be studied 
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SAMPLE CALCULATIONS 



To Illustrate the manner in which the ex- 
perimental data was reduced to the form presented here, 
the computations for the 60- inch run , Station 1, will 
be detailed. 

Barometer * 60.08 “Hg. T or * 118°F * 572°R 

P w « 9.05 M Hg gage * 9.05 ♦ 60.08 « 69.13 “Hg. 

P G * 32.60 "Hg. gage » 32.60 + 30.08 * 62.68 "Hg. Abs. 

P 0 * -6.30 “Hg. gage * -6.30 + 30.08 « 23.78 “Hg. Abs. 

T c * -.08 M v * 29.2°F - 488.6°R 

■ 62.68 « 1.602 
39.13 

From Mach tables, M w « .850 

= 59.13 * 1.644 

P 0 23.78 

From Figure 4, M J 1 » .908 

2 

From equation (34) 
d > ■ / 1.395 ~~ 

/ 132.25(537371572 ) ( . 6345 ) ( 39 . 13 ) ( 70 . 73 ) ( . 908 ) 

« 1.902 lb- sec- in 

— H 3 — 

The value of was found to be .663 for this run. 

r v * 



1.375 in. 



So from equation (29), 




(.6345) (.850) 
nrWST s .663) 




(.663) 



(.850) 2 



|(.85) 2 

e 

$( . 85 )^ 

.(e 2 -i) 



2 



- .303 



At the ranee, dA » 4.92. So, 

dA 



(tiA) /(dA) * 1.902 « .387 

d~A J FA 4.92 
V v 



The calculations with the convergence cone removed 



were made in an idential manner. 
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TABLE I 



p r 




P 

0 




Pc 


? c 


Hi 111- 


*e 


Hg.g 


Hg.nbs. 


Hg.g 


H g . txbs . 


Hg.g 


Hg.abe. 


volt 


op 


22.00 


51.66 














20.20 


49.86 














17.00 


46.06 














12.40 


42.06 














7.55 


37.21 


22 . 10 


51.76 


— 5 . 40 


24.26 


.06 


34.1 


8.35 


38.01 


18.75 


48.41 


-5.60 


24.06 


.06 


34.1 


9.35 


39 . 01 


16.20 


45.86 


-5.70 


23.96 


.08 


34.8 


8.00 


37. 66 


16.10 


44.76 


— 6.0 


23.66 


.10 


35.5 


7.70 


37.36 


14.05 


43.71 


-6.10 


23.56 


.12 


36.2 


6.70 


36.36 


12.95 


42.61 


-6.30 


23.36 


. 14 


36.8 


6.10 


35.76 


11.40 


41.06 


-6.50 


23.16 


.16 


37.5 


5.00 


34.66 


11.00 


40.66 


-6.50 


23.56 


.22 


39.6 


4.60 


34.26 


10.50 


40.16 


-6.30 


23.36 


.31 


42.7 


4.70 


34.36 


9.85 


39.51 


-6.10 


23.56 


.41 


46.1 


4.30 


33.96 


8.95 


38.61 


-6.10 


23.56 


.50 


49.4 


3.90 


33.56 


8.20 


37.86 


-5.85 


23.81 







TABLE I Cont 1 d 



Station 


P 0 /Pl7 


M 

w 


P w /P 0 * 


/l+v-lM 2 

' 2 


a. a 


V 






.690 




.610 


3.66 


A 














B 














C 














1 




1.390 


.703 


1.532 


.739 


1.470 


2 




1.278 


.596 


1.580 


.616 


1.252 


3 




1.173 


.483 


1.630 


.497 


1.040 


4 




1.189 


.504 


1.591 


.520 


1.000 


5 




1.171 


.481 


1.584 


.496 


.992 


6 




1.172 


.483 


1.556 


.497 


.966 


7 




1.149 


.451 


1.542 


.465 


.890 


8 




1.172 


.483 


1.485 


.497 


.922 


9 




1.172 


.483 


1.469 


.497 


.910 


10 




1.150 


.453 


1.458 


.467 


.860 


11 




1.138 


.434 


1.441 


.445 


.808 


12 




1.130 


.423 


1.409 


.433 


.778 


p gPi 

Is? 

*p 

*op 

W 


42.3 w hg.g 
1.75 «hg 
40,0 "hg.g 
29.66 ”hg 
112°F 

.1116 lb/seo 




n 

(§£..)-( $ A.) 
i TJ } 1 'O' 


as 

S2 

V 


.276 

.402 



un- 
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V 

A 

B 

C 
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2 
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4 

5 

6 

7 

8 

9 
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11 
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TABLE II 
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P,„ 

w 


*0 


p 0 


P 0 


P 

f 0 


Milli- 


To 


M hg.g. 


"hg.abe. 


bg.g. 


hg. abs. 


hg.g. 


hg.abs . 


volts 


op 


39.45 


61.53 














29.90 


59.98 


40.80 


70.88 










26.50 


56.58 


37.60 


67.68 










18.80 


48.88 


32.80 


62.88 










9.05 


39.13 


32.60 


62.68 


-6.30 


23.78 


-.08 


29.2 


10.95 


41.03 


27.75 


57.83 


-6 .65 


23.43 


-.12 


27.9 


12.90 


42.98 


23.00 


53.08 


— 6 • 86 


23.23 


-.10 


28.5 


11.60 


41.68 


21.80 


51.88 


-7.26 


22.83 


-.09 


28.9 


11.00 


41.08 


20.95 


51.03 


-7.85 


22.23 


-.08 


29.2 


10.20 


40.28 


18.70 


48.78 


-8.05 


22.03 


-.08 


29.2 


9.30 


39.38 


17.20 


47.28 


-8.10 


21.98 


0 


32 


8.30 


38.38 


15.70 


46.78 


-8.00 


22.08 


.08 


34.8 


7.60 


37.68 


15.10 


45.18 


-7.90 


22.18 


.16 


37.5 


6.90 


36.98 


14.25 


44.33 


-7.75 


22.33 


.24 


40.4 


6.50 


36.58 


12.85 


42.93 


-7.60 


22.48 


.28 


41.7 


5.60 


35 . 68 


11.90 


41.88 


-6.76 


23.33 


.41 


46.2 



TABLE II Cont'd 



Station Po/ p w 

V 


.663 


Pr;/Pc *J 


1+y-IM 2 

2 

.694 


d 7^ 
d A 
4.92 


A 


1.181 


.494 




.509 


3.55 


B 


1.195 


.511 




.528 


2.58 


C 


1.288 


.613 




.636 


1.77 


1 


1.602 


.850 


1.644 


.908 


1.902 


2 


1.409 


.718 


1.750 


.883 


1.620 


3 


1.234 


.558 


1.850 


.696 


1.371 


4 


1.242 


.566 


1.821 


.585 


1.292 


5 


1.241 


.565 


1.846 


.584 


1.270 


6 


1.211 


.531 


1.828 


.550 


1.175 


7 


1.200 


.518 


1.791 


.532 


1.111 


8 


1.192 


.507 


1.738 


.522 


1.061 


9 


1.198 


.515 


1.700 


.630 


1.060 


10 


1.199 


.516 


1.656 


.531 


1.041 


11 


1.172 


.483 


1.620 


.499 


.967 


12 


1.171 


.481 


1.531 


.501 


.946 


p gpi 

B°a P , 2 

Too 

W ‘ 


62.7 "hg.g. 
2.50 "hg 

60.0 "hg.g. 

30.08 "hg. 
112°F 

.1500 lb/aeo 








* .303 
= .387 
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TABLE III 



Sta- 




TJ 

* W 


P 0 


p o 


P„ 

c 


P 

0 


Milli- 


*0 


tion 


“hg.g 


"hg.abs. 


"kg* 6 


M hg.abs. 


“hg.g. 


“hg.abs. 


volts 


op 


V 


40.30 


70.36 














A 


38.55 


68.61 


54.00 


84.06 










B 


33.95 


64.01 


49.30 


79.36 










0 


23.30 


53.36 


44.20 


74.26 










1 


10.30 


40.36 


43.30 


73.36 


— 8 . 40 


21.66 


CO 

• 

1 


15.4 


2 


13.20 


43.26 


36.35 


66.41 


-8.55 


21.51 


-.70 


7.7 


3 


17.35 


47.41 


30.75 


60.81 


-8.90 


21.16 


-.76 


5.6 


4 


15.05 


46.11 


28.00 


68.06 


-9.35 


20.71 


-.68 


8.4 


5 


15.85 


45.91 


26.05 


56.11 


-9.55 


20.51 


-.59 


11.5 


6 


14.15 


44.21 


25.00 


55.06 


-9.90 


20.16 


-.60 


14.6 


7 


12.35 


42.41 


21.55 


51.61 


-10.10 


19.96 


-.42 


17.5 


8 


12.10 


42.16 


19.90 


49.96 


-10.20 


19.86 


-.36 


19.6 


9 


10.55 


40.61 


18.50 


48.56 


- 9.86 


20.21 


-.30 


21.6 


10 


9.50 


39.56 


18.10 


48.16 


- 9.95 


20.11 


-.19 


26.4 


11 


9.15 


39.21 


16.60 


46.66 


- 9.20 


20.86 


-.09 


28.8 


12 


7.90 


37.96 


15.20 


45.26 


- 8.85 


21.21 







TABLE III Cont'd. 



Station P 0 /Pw 



V 

A 


1.225 


B 


1.258 


0 


1 .392 


1 


1.818 


2 


1.532 


5 


1.283 


4. 


1.308 


5 


1.222 


6 


1.242 


7 


1.220 


8 


1.174 


9 


1.193 


10 


1.218 


11 


1.190 


12. 


1.192 


p gpi 


40.7 psig 


3.10 M hg 


Popg 


39.4 pslg 


Bar 


30.06 H hg. 


Top 

w 


112°F 


.1840 lb/ 86 c 





P /■*> 


.707 




.545 




.562 




.705 




.966 


1.861 


.806 


2.010 


.608 


2.240 


.633 


2.180 


.544 


2.235 


.566 


2.200 


.541 


2.120 


.485 


2.120 


.509 


2.010 


.539 


1.966 


.505 


1.880 


.507 


1.791 



n 

/ d A x . , d 
v d A ' d 



/l + V-lM 1 
/ 


d 7s 
d. A 


.741 


6.00 


.563 


4.50 


.582 


3.21 


.740 


2.24 


1.048 


2.24 


1.023 


2.14 


.586 


1.491 


.640 


1.626 


.563 


1.370 


.585 


1.378 


.577 


1.280 


.500 


1.120 


.541 


1.158 


.556 


1.158 


.480 


1.022 


.522 


1.106 




.332 


Tit 


.377 



v 














. 















. 













V 

A 

B 

C 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 



TABLE IV 







p O 


p o 


hg-g 


hg.abe. 


hg.g 


hg.abs. 


49.85 


79.79 






47.60 


77.54 






41.25 


71.19 


60.00 


89.94 


40 .10 


60.04 


55.60 


85.51 


13.15 


43.09 


52.50 


82.44 


14.85 


44.79 


44.30 


74.24 


16.25 


46.19 


36.15 


66.09 


16.35 


46.29 


33.75 


63.69 


16.35 


46.29 


30.35 


60.29 


15.90 


45.84 


30 .85 


60.79 


13.55 


43.49 


25.65 


55.59 


13.15 


43.09 


25.06 


54.99 


11.85 


41.79 


23.90 


53.84 


9.65 


39.59 


22 . 10 


52.04 


11.25 


40.19 


22.10 


52.04 


9.15 


39 .09 


20 .15 


50.09 









. 



. 



- 



. 









TABLE IV 



Station 


Po/Pw 


*l w 


V 






.739 


A 








B 




1.263 


.588 


C 




1.424 


.730 


1 




1.910 


1.009 


2 




1.658 


.883 


3 




1.431 


.735 


4 




1.378 


.693 


5 




1.320 


.627 


6 




1.328 


.650 


7 




1.271 


.593 


8 




1.274 


.600 


9 




1.288 


.613 


10 




1.313 


.637 


11 




1.294 


.619 


12 




1.282 


.607 


p gpi 

bS 2 

x op 

w . 


50.3 pslg 
3.75 M iig. 
49.0 peig 
29.94 w Hg. 
120 °F 

2175 lb/ see 





CONT'd. 




M / l+*-l M 2 


dA 


/ 2 


dA 


.778 


7.15 


.609 


3.74 


.768 


2.63 


1.10 


2.52 


.948 


2.26 


.783 


1.920 


.726 


1.790 


.652 


1.600 


.680 


1.655 


.613 


1.415 


.620 


1.420 


.638 


1.415 


.664 


1.395 


.642 


1.370 


.630 


1.310 


a 


* .338 


X \ ~ X \ 

"T* • K- r) 


= .352 



. 






■ 









¥ 

A 

B 

C 

1 

2 

3 

4 

5 

6 

7 

0 

9 

10 



TABLE V 





P 

1 w 


P 

* 0 


p o 


"Hg.g 


“Hg.abs. 


"Hg.g 


M Hg.abs 


25.90 


55.83 






25 . 50 


55.43 


36.70 


66.63 


19.20 


49.13 


27.60 


57.53 


11.30 


41.23 


20.45 


50.38 


5.90 


35.83 


15.10 


45.03 


6.05 


35.98 


13.05 


42.98 


6.95 


36.88 


11.60 


41.53 


6.45 


36.38 


10.80 


40.73 


5.65 


35.58 


9.60 


39.53 


5.10 


35.03 


8.95 


38. 88 


4.35 


34.28 


8.20 


38.13 


3.65 


33.50 


7.40 


37.33 



TABLE V Cont'd. 



Stat ion 


^o/^w 




M I 1+tf-l M 2 
2 


d/v 
d "A 


V 




.752 


.793 


5.10 


A 


1.203 


.521 


.539 


3.46 


B 


1.170 


.480 


.493 


2.09 


C 


1.221 


.543 


.560 


1.315 


1 


1.255 


.580 


.600 


1.142 


2 


1.194 


.510 


.526 


1.009 


3 


1.127 


.418 


.427 


.839 


4 


1.120 


.407 


.415 


.800 


5 










6 


1.116 


.400 


.406 


.767 


7 










8 


1.111 


.392 


.400 


. .757 


9 










10 


1.111 


.392 


.400 


.729 


11 










12 


1.111 


.392 


.400 


..714 



P p>i 

p°P2 

Bar 

*^op 

w * 



51.0 peig 
5.? M hg 
60 { 'hg.g 
29.93 "hg. 
121°F 

.1550 lb/seo 



*1 



- .186 



( 



d A 
d A 






.224 



























. 




V 

A 

B 

C 

1 

2 

3 

4 

5 

6 

7 

8 

9 



TABLE VI 



"Hg.g 

52.65 

31.90 

24.30 

14.50 

7.30 

7.70 
8.90 
8.15 

7.10 

6.50 

5.70 
4 « 55 



Hg.abs. 

62.58 

61.83 

54.23 

44.43 

37.23 

37 . 63 

38.83 
38.08 

37.03 

36.43 

35.63 
34.48 



"Hg.g 

46.20 

35.60 

26.70 

19.65 

17.40 

15.00 

14.00 

12.40 

11.50 

10.50 
9. 66 



“hg.abs. 

76.13 

65.53 

56.63 

49.58 

47.33 

44.93 

43.93 

42.33 

41.43 

40.43 

39.58 



















. 









. 


































as »~3 



TABLE VI Cont'd 



Station 


V p w 


1L_ 

w 


M /l+V-1 if 

/ -g— 


dX 
d A 


V 




.798 


.847 


6.21 


A 


1.231 


.554 


.472 


3.40 


B 


1.210 


.530 


.547 


. -)6 


C 


1.278 


.604 


.627 


1.585 


1 


1.331 


.654 


.684 


1.350 


2 


1.257 


.582 


.602 


1.201 


3 


1.155 


.459 


.470 


.969 


4 


1.151 


.454 


. 465 


.940 


5 










6 


1.142 


.440 


.462 


.927 


7 










8 


1 .135 


.430 


.451 


.872 


9 










10 


1.13° 


.426 


.436 


.825 


11 










12 


1.147 


.448 


.460 


.842 



°P1 



P 0p 2 

Bar 

op 



39.4 peig 
3.35 11 Hg. 
37.9 psig 
29.93 "hg. 
12X°F 

.1849 lb/seo 



n 



* .196 



d A 

n 




dX . 
d A' 



ts 



.217 



B 

C 

1 

2 

3 

4 

5 

a 

? 

8 

9 

10 

11 

12 



TABLE VII 







p o 


p 

0 


"Hg.g 


•'Hfr.abs. 




"Hg.aba 


40.60 


70.55 






39.60 


69.55 


57.30 


87.25 


30 .80 


60.75 


42.00 


71.95 


18.60 


48.55 


35.10 


65.05 


8.10 


30.05 


25.70 


55.65 


9.25 


39.20 


£2.50 


52.45 


11.45 


41.40 


19.60 


49.55 


10.50 


40.45 


18 10 


48.05 


9.15 


39.10 


16.30 


46.25 


8.40 


38.35 


14.95 


44.90 


7.20 


37.15 


13.45 


43.40 


5.90 


35.85 


12.20 


42.15 



TABLO VII Cont'd 



3tatlon 


P 0 / p w 


M w 


U ll+X-1 
/ 


V 




.870 


.931 


A 


1.253 


.576 


.595 


B 


1.183 


.496 


.510 


C 


1.340 


.429 


.439 


1 


1.465 


.760 


.801 


2 


1.338 


.660 


.690 


3 


1.199 


.516 


.531 


4 


1.188 


.503 


.520 


5 








6 


1.182 


.495 


.510 


? 








8 


1.170 


.480 


.494 


9 








10 


1.168 


.477 


.490 


11 








12 


1.175 


.486 


.501 



r pi 

Ba ? 2 

^op 

w 



4S.6 psig 
4.0 H hg. 
4?. 6 psig 
29.95 M hg 
120°F 

.231 lb/ sec 



n 

r d A ^ i / d A \ 

l oy ' d a ; v 



d A 
d A 

7.56 

4.83 

2.68 

1.211 

1.620 

1.439 

1.166 

1.118 

1.060 

i 

1.003 

.966 

.956 

* .217 

* .214 
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